Construction of an extended library of adult male 3D models: rationale and results 
Introduction
The recent release of ICRP Publication 110 (ICRP 2009) of male and female reference computational phantoms and the book of Xu and Eckerman (2010) definitely evidence the wide use of three-dimensional (3D) models of the human body. For ionizing radiation studies, the voxel format, up to now mandatory in most used Monte Carlo codes, represents a complex 3D geometry as a collection of right parallelepipeds, the 3D equivalent of pixels. Following Zankl et al (1988) , several voxel models have been developed from medical images, trying to best follow ICRP and ICRU recommendations (Xu et al 2000 , Kramer et al 2003 , Ferrari and Gualdrini 2005 . Apart from such models following international recommendations for male and female average individuals, more specific models have been developed such as the pregnant female model or the paediatric family. These two works started with modelling the medical images Xu 2004, Lee et al 2005) and later included mesh and NURBS modelling (Xu et al 2007 , Lee et al 2007 . Mesh, NURBS or hybrid models are so called since they are built with professional 3D modelling software and stored in specific formats. Such formats enable the storing of medical image contours and sophisticated transformations. Ultimately, such models can be developed without any input medical image, as illustrated in Cassola et al (2010) .
Realistic human models have made it possible to specify the validity of calculations carried out with mathematical phantoms whose realism was debatable. In short, it turns out that radiation protection quantities are not that different when mathematical or voxel reference models are compared (ICRP 2009 ). Relevant differences are however noted when mathematical and voxel models are compared, for some specific organs (ICRP 2009) or for the foetus (Taranenko and Xu 2008) , newborn (Staton et al 2006) or paediatric cases. Moreover, realistic human models should help specifying the accuracy and significance of dose calculations based on average reference individuals but applied to individuals significantly different from the average. In order to systematically study the variation of dosimetric quantities with the body type it is suitable to rely on a relatively large sample of models. In this case, it can be expected that a tendency, or even rather general rules, could be derived. The radiation protection consequences of the body-type difference between Asian models and their ICRP or Caucasian counterparts have been illustrated (Saito et al 2001 , Kinase et al 2003 . Variation with the body type of specific absorbed fractions and photon conversion coefficients has been studied for a small number of male and female voxel models presenting significant height and weight differences , Fill et al 2004 . Johnson et al (2009) have recently released 25 adult male models and 15 paediatric female models corresponding to percentile individuals. Na et al (2010) have also recently shown that it is possible to adjust a reference 3D model to percentile individuals. This work and the two above cited studies are an attempt to broaden the available body types, mainly defined by height and weight, of male adult models. In this work, the construction of 25 full-body male 3D models has been undertaken. Representative Caucasian body shapes have been selected from a database of individuals optically scanned. Target values have been defined for the internal organ masses, fat per cent, skin mass and remainder tissue composition of these individuals. The modelling was carried out using not only mesh and NURBS modelling, but also voxel modelling. The current version of 3D models includes 109 organs and tissue adapted to the selected body shapes. The construction hypotheses are explained and justified in detail since future calculation results obtained with this library will depend on them. Finally, using some of the developed models, illustrative radiation transport calculation results are shown for internal and external dosimetry issues and in vivo monitoring issues.
Materials and methods

Selection of individuals in the CAESAR database
2.1.1. The CAESAR database. The CAESAR database (SAE 2011 ) is a commercially available collection of male and female 3D models constructed from optical scanning of individuals. For each model, 45 precisely defined anthropometric parameters, measured by trained personnel, are reported. The individuals included in the database were selected following a sampling strategy by age, race and gender, as recommended by ISO standards. For each cell of the sample population the target number of individuals was calculated so that the mean stature of the sample is within 10 mm of the true population mean with 95% confidence (Robinette et al 2002) . The European edition of the database, used in this work, contains 412 individuals scanned in Italy and 566 scanned in the Netherlands. The individuals were optically scanned in standing position with the legs and arms apart. Individuals wore a thin cap covering and plastering down the air and a tight-fitting pairs of short. The sampling strategy, scanning protocol, description of measurements and illustrations of the 3D models can be found in (Robinette et al 2002 (Robinette et al , 2003 (Robinette et al , 2006 .
Selected individuals.
From the European edition, male individuals have been selected so that each one represents a height and weight class (HW class). Four 12-cm height classes, from 158 to 206 cm, and nine 12-kg weight classes, from 43 to 151 kg have been defined. The HW classes have been defined so that one class centre is (176 cm, 73 kg), the height and weight of the ICRP reference male. The extents (12 cm, 12 kg) were chosen to limit the number of selected individuals while trying to maintain a satisfying sampling of the CAESAR database. Considering the reported height (H) and weight (W ) of individuals, their distance from the centre (H c , W c ) of a HW class was calculated using
If D < 1, the individual can be the class representative. When several individuals met this condition, the one with the smallest D was the class representative. When possible, individuals scanned in Italy were preferred since the associated 3D models contain fewer holes. Applying the above selection condition, 22 individuals were selected; among the 36 possible classes some were empty (no CAESAR male individuals in these classes) and others did not contain an individual meeting the selection condition. For the class centred at (176 cm, 73 kg) the selected individual has H = 177 cm and W = 73.1 kg. Three additional individuals were selected in order to have representative individuals of larger HW classes. Table 1 gives the height, weight, age, body mass index (BMI = W kg /H 2 m ) of selected individuals and the HW class they represent. Hereafter, for simplicity, individuals are called according to the short names given in table 1. The height and weight of the M1C individual are very close to those of the reference male computational phantom (RMCP) of ICRP Publication 110. Figure A1 presents the H and W chart of male individuals included in the European edition of the CAESAR database. This figure also shows the HW classes, the H and W of selected individuals and for comparison the H and W of percentile individuals selected in Johnson et al (2009) and Na et al (2010) .
Target value fixing
2.2.1. Scaling factor for internal organs and the skeleton. Studying a sample of 581 adult male subjects Heymsfield et al (2007 Heymsfield et al ( , 2008 have given for the bone mineral mass (BMM, in 145 ± 6 73± 6 85± 6 97± 6 109 ± 6 121 ± 6 133 ± 6 97± 6 109 ± 6 121 ± 6 145 ± 6 127 ± 12   Shortname  M1I  M2C  M2D  M2E  M2F  M2G  M2H  M3E  M3F  EX1  EX2 kg) and bone mass (BM), as a function of height (H, in cm). Since we are more interested in relative variations than in absolute values, it is convenient to take H 0 = 176 cm and use a scaling factor; for example, the scaling factor for the BM is simply written as
The scaling factors for BM and BMM are very close and we thus keep their mean:
Studying a sample of 176 male subjects another equation was given for the BMM (Ferretti et al 1998) , which gives
Studying 355 adult male cadavers, height-dependant linear equations were given for the mass of nine soft organs (Clairand et al 2000 , De La Grandmaison et al 2001 . Despite the slope of the linear equation varies largely depending on the organ, the scaling factors, k c , for the nine organs are relatively close. In table 2, the minimum and maximum values of k c are reported with k H and k F . For the defined height classes, the scaling factors given in table 2 are in notable agreement; table 2 also reveals that in each class the range of scaling factors is distinct from the other classes. This supports the intuitive idea that the skeleton and soft organs grow identically until reaching their adult size (at least from the adolescence). For the 188 and 200 cm individuals, the fixed scaling factors are the rounding of k H (biggest sample, composite scaling factor). From the k values of table 2, linear interpolation gives k = 1 for EX1, k = 1.3 for EX2 and k = 1.5 for EX3. The fixed scaling factors are only a working hypothesis that should lead to the design of acceptable organs for average individuals. The following references briefly illustrate that alternative approaches have been developed for some organs or for more general cases. Hepper et al (1960) have studied the lung case. Daugirdas et al (2008) have compiled equations for the liver case. The mass of the brain has been studied by Heymsfield et al (2009) and Ho et al (1980) . For the heart case, alternative approaches can be found in Hitosugi et al (1999) , Seo et al (2000) and Pritchett et al (2003) . A general approach for group of organs and tissue has also been developed by Martin (1984) and Kerr (1988) .
Fat per cent and full-body volume fixing.
Many techniques enabling us to measure or deduce the body fat fraction of individuals have been reported (Tölli et al 1998 , Wang et al 1998 . Thus, many relations are available to calculate the fat content from individual characteristics and, for the non-specialists, it is quite difficult to select one approach or another. As a consequence, the results of ten relations given in appendix B have been averaged for each individual. When the relation gave the lean body mass the fat mass per cent (F%) was calculated from the weight:
following the definitions given in Hentschel et al (2005) . For each individual, the average of F% is plotted in figure 1 where the error bar is the standard deviation over all the relations. For four individuals (M0D, M2F, EX1 and EX2), F% was increased by 3% (of body weight). Without this increase, the calculation of the remainder tissue composition would have given a negative fraction for one component of the remainder (cf 2.5 and 3.1.3). Despite the disputable significance of the error bar, it can be noted that for relatively underweight individuals error bars are large, whereas for other individuals the uncertainty is around 5% of body weight. For the M1C individual, the fat per cent of the body weight is (20 ± 2)% which is the value recommended in ICRP Publication 89 (ICRP 2002) .
The Siri equation relates the body density (ρ, in g cm −3 ) and the F% of body weight (Siri 1956 ):
Even if this equation is based on a two-compartment model, it has been found reliable by many specialists (Lean et al 1996 , Prior et al 1997 , Guo et al 1999 . Once F% has been fixed, the Siri density is calculated, which gives the target volume for selected individuals since their weight is known.
Skin density fixing.
In ICRP Publication 23 (ICRP 1975 ) the skin is defined as dermis and epidermis and represents 3.7% of the body weight. In ICRP Publication 89 it is 4.5% of the body weight, and in the RMCP it is a single-voxel layer representing 5.1% of the body weight. Thus, the skin grossly weights as much as two brains and its mass must be fixed as realistically as possible, using the same density for all models. In the voxel models the skin volume will be fixed by the construction algorithm. We thus need a target skin density that will make the skin mass as realistic as possible. For this purpose, we use the mass of the body surface area (BSA) as an intermediate quantity.
The H and W of the selected individuals were used to calculate their BSA, according to the Dubois and Dubois, Haycock and Mosteller relations, as given in Verbraecken et al (2006) . To calculate the mass of the BSA, the thickness (t, in g cm −2 ) was needed. From ICRP Publication 23, t = 0.143 g cm −2 was deduced. Using a surface area of 8 × 2.137 = 17.1 mm 2 per skin voxel t = 0.233 g cm −2 was deduced from the RMCP. Since no other relevant values were found in the literature, the average was adopted: t = 0.188 g cm −2 . In ICRP Publication 89, it is recalled that this value is between 0.115 and 0.225 g cm −2 . Figure C1 shows the skin mass per cent of all the individuals for the three used relations. Considering these values and averaging over all individuals and relations, the skin mass represents 4.5% of the body weight.
As a consequence, after the construction of the skin volume (V skin ) in the voxel models, and knowing the weight (W ) of the selected individuals, the skin density (ρ skin ) is obtained by minimizing the following quantity:
If the skin volume is correctly developed, it can even be hoped that the skin mass of voxel models agrees better with the above relations than with the fixed fraction of body weight.
Basis organs used for the construction of 3D models.
Reference volumes, given in table D1, were fixed for 31 bones and 14 soft organs and for the 176 cm height class. This reference set of organs was modelled using computer-aided design (CAD) software. Subsegmentation of these organs and addition of smaller organs was performed using voxel modelling. The reference volumes have been deduced by merging or splitting organs of the RMCP. The cortical, spongiosa and medullary parts of the RMCP have been merged, and the cartilage distributed to the bones of table D1 in proportion of their volume fraction in RMCP. The sum of the left and right volumes is listed in table D1, but in the 3D construction process sides were distinguished. The volumes for ulna, radius, tibia, fibula and patella are a compromise between available literature data (McInroy et al 1985 , ICRP 1975 and the constraint to match the volumes defined in RMCP. The sum of vertebrae and disks volumes is 987 cm 3 (vertebrae of RMCP plus 163 cm 3 of trunk cartilage). The basis volumes for soft organs were also fixed by merging volumes of the RMCP, taking into account wall and content, if defined.
The densities given in table D1 were obtained from the masses and volumes of RMCPmerged organs. Table D1 gives a total mass of 10 450 g for the skeleton, in perfect agreement with table 4.1 of ICRP Publication 110.
The volumes given in table D1 were taken from the RMCP and as, noted in ICRP Publication 110, a few organs do not respect the volume requirements of ICRP Publication 89. This choice was made in order to ease the comparison of future calculations based on the models presented here and others based on the RMCP.
Modelling tools and workflow
Modelling tools and techniques.
The organs of the 3D models are taken from the full-body model provided by the 3DSpecial company (3DSpecial 2011). For the cranium, mandible and pelvis the 'P1 VRML 2.0' set and for other organs the 'A1 VRML 2.0' set were used. The small intestine was fully redesigned using NURBS formats since the provided one was not suitable. As stated in the documentation from 3DSpecial, the 3D models of organs have been developed from medical images, discussed with anatomists and checked by the qualified personnel. The same set of 3D organs was recently used by (Zhang et al 2009) to develop a male and female model matching the requirements of ICRP Publication 89. From our experience, based on the examination of medical images and voxel phantoms, and after a critical examination by a physician, the realism of the organ set was acknowledged. CAD modelling was performed using the Rhinoceros 3D software (Rhinoceros 3D 2011) which enables us to handle mesh and NURBS format. The binvox program (Binvox 2011) was used to voxelize 3D models in VRML 2.0 format. The IDL language (ITT 2011) was used to process voxel data, for instance the correction of intersecting voxels or subsegmentation of organs.
Last but not least, one of us is a specialist in design and 3D modelling who has several years of experience in using CAD software and in establishing a modelling strategy. Figure 2 describes the steps followed to obtain the voxel models of selected individuals with the basis set of organs described above.
Modelling workflow.
Step 1. Since all the mesh geometries included in the CAESAR database had holes of more or less large surfaces, the models were repaired in order to obtain watertight, i.e. closed, mesh surfaces (i.e. closed surfaces). Vertexes were processed along the axial direction so that body shape contours are semi-automatically stored in OBJ format. Holes were repaired using available vertexes, forward and backward contours, and ultimately handguided spline drawing. This solution was adopted because Rhino3D mesh repair tools were not satisfactory. As a result, well-defined flexible NURBS curves are obtained.
Step 2. A NURBS surface was built from the contours and automatic meshing and storing in the VRML 2.0 format was then performed. For the hands, the 3DSpecial company model was used. These hands were anyway personalized, trying to best cover the extracted contours. For some models, particularly overweight individuals, it was difficult to distinguish two near contours from a single contour, i.e. at the crotch point and axillary fossa level. Nevertheless, it was checked that these junctions are correctly positioned with an uncertainty that does not exceed 2 cm at worst.
Step 3. Once a VRML 2.0 watertight, i.e. a closed surface, model was obtained voxelization was performed. The voxel size was fixed so that the dimensions of the bounding boxes of voxel and VRML 2.0 models are equal. The VRML 2.0 models were optionally scaled for full-body volume adjustment.
Step 4. All the organs defined in table D1 were adapted so that they fit in the full-body shape models and match the volume requirements defined by the adopted scaling factor. The general method and some technical details regarding the adjustment of internal organs and skeleton to the obtained body shape models are given in section 2.4.1. Once a VRML 2.0 model was obtained bones and soft organs were voxelized separately in the same reference frame and then merged into a unique voxel model. Intersections of voxelized organs were unavoidable and were corrected with an algorithm that propagates the borders of intersecting objects. Parts of internal organs that sticked out of the body shape were simply removed and the skin was then added.
To build the skin, the same algorithm is used for all models. Air neighbouring voxels are identified in axial planes and defined as skin; this makes a single voxel layer like in the RMCP. Supplementary skin voxels are also defined at the top and bottom of models, at the fingertips, crotch point, etc, so that the models are properly closed by a skin layer. To ensure a coherent building of skin for all models, random addition or deletion of voxels, that would enable us to reach a fixed target volume, is not allowed.
Inclusion of organs in 3D models
2.4.1. Skeleton and soft organs. The 3DSpecial organs and bones defined in section 2.2.4 were adjusted to the M1C model to agree with target volumes. The obtained organs were then adapted to all other models applying the height class scaling factor. To ensure the realism of the 3D models produced, anatomic tables (Netter 2004, Rouviere and Delmas 1979) were used and also a human anatomy drawing manual (Simblet and Davis 2002) . Moreover the advice of a medical doctor was taken into account all along the design process. Available CT scans, voxel phantoms and other internet resources were also used when needed. Since the methods to adapt the 3DSpecial organs to the M1C model and the M1C organs to other models are similar, this latter case is described hereafter.
Step 1. All soft organs and bones were together scaled along the axial direction to fit with the height of the 3D body shapes. A 2D scaling was then applied in the axial plane so that the total scaling factor equals the factor fixed in table 2. At this stage the needed volumes were obtained but additional adjustments must be made to position the organs and bones in each individual.
Step 2. The cranium was adapted; for this purpose, it was divided into its main bones, which allowed proper handling of trimmed surfaces and proper use of mesh tools. Most of rhino3D mesh tools were used to fit the cranium with the head shape while trying to preserve the target volume. To fit the head shape, sagittal and coronal views were used and also 'anchor' points such as the ears, arch of the eyebrow and bottom of the chin for the mandible. The foramen magnum was properly positioned where the head joins the neck. The brain was positioned and transformed inside the skull during this stage, so that with its volume constraint, the brain sometimes did not fill in entirely the skull volume.
Step 3. The soft organs, thoracic bones and the vertebral column were moved together so that the top of the vertebral column fits with the foramen magnum. Then the '3D control cage' tool, mandatory to avoid the creation of intersections, was used for position adjustments. Useful anchors were the crotch level, the iliac crest or the shoulders. After cage tool, mesh offset were used to finalize the volumes.
Step 4. Small scaling and rotations were performed on arm and leg bones to better fit the individual body shapes; used anchors were the knee and elbow. The hands and feet bones were also scaled, translated, rotated and caged to fit in the available space.
Subsegmentation of organs and addition of glands.
Voxel models with the organs and bones defined in table D1 were modified to include subparts of bones and soft organs; small volume organs were also added to these models. This work was performed directly on voxel models without CAD modelling. Following ICRP Publication 110, the cortical, spongiosa and medullary parts of bones, as well as wall and contents of some soft organs, were built. For a given organ, the volume of the outer shell, V shell , (cortical part for bones, wall for soft organs) was calculated with the following relations:
The volume of the modified organ is V o , ρ is its density as given in table D1, M shell and M core are the masses of the shell and interior of the organs, ρ shell and ρ cart (1.10 g cm −3 ) are the shell and cartilage densities given in ICRP Publication 110. m is the mass of the cartilage that was attributed to the bones defined in table D1. For soft organs m is zero and thus ρ * reduces to the wall density and f m * reduces to the mass ratio of the wall and content. The above relations ensure that the mass of the divided organ is conserved and that the mass ratio of the shell and interior is as defined in ICRP Publication 110. Since the cartilage mass is included in the cortical part of bones, the cortical density is not 1.92 g cm −3 as defined by ICRP Publication 110 but ρ * . The shell voxels were built with an algorithm similar to the one used for building the skin.
The medullary content was included where it is defined in the RMCP. The relative positioning found in the RMCP was conserved as well as the densities of spongiosa and medullary content given in ICRP Publication 110. The number of voxels was found by adapting equation (3) and the used algorithm consisted in replacing the interior of bones by planes corresponding to the medullary part.
An algorithm to include left and right eyes, adrenals, testes as well as the pituitary gland, the tonsils, the thymus and the prostate, was developed. The pituitary gland and the tonsils have been modelled as ellipsoids after examination of the RMCP. For the eight other glands the shapes given in Cristy and Eckerman (1987) and in Stabin (1994) have been used. The reference masses given in ICRP Publication 89 and the scaling factors of table 2 were used. The algorithm consisted in specifying a starting position for the gland that is included. If intersections were found at this position, small displacements were tested, and if this failed the organ shape was modified so that the final target volume is obtained.
The thyroid and oesophagus were also included in voxel models. For the thyroid, voxelized versions of the 3DSpecial thyroid model were included with an algorithm similar to that for other glands. For the oesophagus, reference positions were provided to another algorithm which includes the same voxel pattern at reference positions and interpolates between them. The exact mass target is obtained by random addition or deletion of voxels.
Composition of the remainder tissue
In the voxel 3D models, muscle, fat tissue and organs not currently included are merged in a single remainder tissue. To make its composition as realistic as possible, it is made up of muscle, fat and 'other tissue'. It is needed to define 'other tissue' to take into account excluded organs and connective tissues (tendons, fascia, periarticular tissue) which should not be confused with muscle.
The muscle and 'other tissue' contents are calculated so that the weight of the voxel model equals the weight of the corresponding selected individual, taking into account built organs. It is thus requested to adjust the volumes of muscle (V Mu ) and 'other tissues' (V o ) so that the weight of these volumes (W * ) satisfies 
V * is known if the volume of the full body (V FB ) has been built. Thus, V Mu and V o can be calculated as
To fix ρ o the M1C model is considered, and it is also assumed that the muscle mass is 29 kg, like in the RMCP. By definition ρ o is
Finally, the density of the remainder tissue (ρ Rem ) is
Results and discussion
Main feature of achieved voxel models
3.1.1. General feature and achieved organ masses. All the M2, M3, EX models and the M1A model have 972 voxel layers in the axial direction, other models have 744 voxel layers.
The voxel volumes are model dependent but quite homogeneous, between 5.55 and 8.74 mm 3 . The size of the bounding box enclosing the model varies from about 57 × 10 6 (M1C) to 140 × 10 6 (EX1) voxels. The number of voxels defining the full-body shape varies from 7.4 × 10 6 (M1B) to 21.6 × 10 6 (EX1) which corresponds to 58.2 and 120 L. Table E1 gives the masses of organs and bones for the 25 voxel models. Except for M1A, the volume of skeleton plus soft organs has been built within ±1% (within ±0.5% for 15 models). Except for M0D and M1B, the soft organs total volume is built within ±1% (±0.5% for 18 models). Except for M1A and M3E the skeleton total volume is built within ±1% (±0.5% for 15 models).
For most of the organs listed in table E1, the mass agreement with the target value is within ±3%. However, in some cases it is impossible to reach the target value. For example, the crania of the M1A and M3E models have a respective deficit of 150 and 260 g, simply because the head shape of these models cannot contain the requested volume. Similarly, for M1A the worst disagreement (−38%) is obtained for the clavicles because the model is too thin to adjust the required volume. For most models, the hands, pelvis and cranium are the organs for which it is the most difficult to reach the target mass. Additional work in the modelling process could improve the agreement between targeted and achieved volumes; anyway, it is not believed that these improvements would be significant and the volume agreement presented here is considered to be acceptable. Figures 3 and 4 illustrate the difference in body types of the built models and the result of organ inclusion in the body shapes.
Achieved full-body density and height of voxel models.
In order to reach the Siri density given by equation (1), 14 VRML2.0 models were uniformly contracted in the axial plane to obtain the theoretical volume (height was preserved). The full-body density of achieved models, the Siri density and the volume correction factors are given in table E2. For the M1A model, the scaling was important (−15%) but for seven models it was −4%. After volume adjustment, the Siri density is obtained for all models within ± 0.02 g cm −3 . The density of the M1C voxel model is 1.05 g cm −3 , the RMCP has a density of 1.03 g cm −3 and the MAX06 phantom (Kramer et al 2006) has a density of 1.01 g cm −3 . The main goal of the volume adjustment was to make the full-body density decrease with weight for all height classes. After the scaling, a decreasing trend with weight is indeed obtained. Despite the fact that the decrease is not monotonic (e.g. compare the density of M0D and M0E or M2C and M2D in table E2), the obtained differences between the achieved density and the Siri density are small enough to be disregarded. Moreover, it is expected that the volume adjustment will enable us to reach a realistic composition for the remainder tissue (cf section 3.1.3).
As shown in table E2, the height of voxel models is not necessarily in agreement with the measured height of the selected individuals. For seven voxel models, the height is greater than the measured one, the two maximum deviations are 0.8 and 1.2 cm, and other differences are less than 0.6 cm. For these seven models, it must be admitted that, apart from intrinsic limitation of the scanning process, the hair under the cap may have been confused with the head. For all other models, the voxel height is less than the measured one, which could be expected since the models are standing with legs apart. For seven of these models, the difference is less than 1 cm, for ten it is between 1 and 3 cm, and the maximum difference is 5.2 cm for EX3. If the voxel and CAESAR reported heights agree within 1 cm, the difference can be attributed to the standing position with legs apart. In other cases, it can account for a part of the difference but presumably not all. Other possible reasons can be cited but not proven: intrinsic limitations of the scanning process, slight bending of the head or trunk, mesh repair and voxelization processes. The combination of these reasons might explain difference in height less than 2 or 2.5 cm. For EX3, the CAESAR documentation states that the subject is a giant and his head is tilted in the standing scan. No additional transformation was made to scale the model to their reported height. Since the obtained models are intended to be representative of a height and weight class, small differences in the achieved and reported height should not dramatically affect the relevance of future calculations.
3.1.3. Skin density and composition of the remainder tissue. As explained in section 2.2.3, the skin volume is built with the same method for all models and equation (2) is then applied Figure 3 . Illustration of the body-type difference of constructed models. The M0, M1 and M2 models are shown at the same scale. The models at the bottom are shown at the same scale, but it is different than the scale used for the models above. so that the skin mass is as close as possible to 4.5% of the body weight. As shown in figure C2 , ρ skin = 0.95 g cm −3 perfectly solves the problem. As expected, and as shown in figure C1 , a good agreement with the skin mass percentages deduced from the selected BSA relations is obtained. For all of the voxel models, the agreement with one of this relation is within ± 0.5% of the body weight. The skin density adopted here is clearly different from the 1.09 g cm −3 of ICRP Publication 110 but it is here intended to best describe 25 individuals using only one density. Moreover, the agreement shown in figure C1 tends to prove that the constructed body shapes are indeed representative of individuals with the selected heights and weights and that the skin masses are realistic. The skin mass of M1C is 3669 g while it is 3728 g for the RMCP.
Once the skin density is fixed, equation (5) is used and it is found that ρ o = 1.3 g cm −3 , while ICRP Publication 23 gives 1.2 g cm −3 for connective tissues. Once ρ o is fixed, equation (4) is used to calculate the composition of the remainder tissue which is given in table E3 for all models. For the muscle tissue of M1C, 28.5 kg were obtained when 29 kg were expected; this small disagreement is due to the differences between targeted and achieved organs' mass. The volume of fat and 'other tissue' is 21.3 L (22.2 kg) when it is 21.5 L (21 kg) for RMCP 'residual tissues'. The density of the remainder tissue is between 0.99 and 1.1 g cm −3 ; again a decreasing trend with weight and BMI is found. The muscle mass is between 34% and 44% of the body weight for all models. The 'other tissue' mass is between 1% and 17% of the body weight and it presents large variations among models. For M0D, M2F, EX1-2, equation (4) would have given negative masses for the 'other tissue' if the fat per cent had not been increased (cf Section 2.2.2).
While many relations have been proposed to calculate F%, there are fewer to calculate the muscle mass. Nevertheless, the relation of Gallagher et al (1997) which gives the appendicular skeletal muscle mass as a function of age, two relations by Janssen et al (2000) which give the skeletal muscle mass as a function of weight and a relation by Lee et al (2000) which gives the skeletal muscle mass as a function of weight, height, age, sex and ethnic origin were used to compare the muscle mass attributed to voxel models. Figure 5 shows that the voxel muscle masses are not in agreement with the first three relations but in better agreement with the last one; at least the increasing trend with weight is found for all height classes. Finally, the fat and (muscle+other) weight per cent of body weight are given in figure E1 as a function of BMI. From the construction of the fat content, a linear trend dominates, but for the (muscle+other), a similar trend is noted. While the fat percentage increases with BMI, the (muscle+other) percentage decreases, but slower than the increase in fat; this supports the intuitive idea that the production of fat is accompanied by a limited production of muscle and other tissues helping in carrying the body fat.
Comparison with other approaches.
The library presented here has advantages and drawbacks as compared with available libraries (Johnson et al 2009 , Na et al 2010 or compared with the RMCP. Moreover, recent developments regarding the deformation of 3D human models suggest that new techniques and tools could help in the design of future libraries.
The models presented here do not include as many organs as those cited above. Some source organs like ET1 and ET2 are not yet included; other organs represent merged versions of RMCP organs (e.g. the colon is not divided into several parts). Even if it is not a tremendous advantage, we have distinguished left and right and included bones not defined in the RMCP. To ease comparison with the RMCP, volumes were taken from it, while in Johnson et al and Na et al the volumes were taken from ICRP Publication 89.
The Johnson et al library has been derived from an initial model based on medical images. The internal organs used in this work are derived from a commercial model. Even if other authors used this commercial model (Zhang et al 2009) and we acknowledge its quality, the degree of realism of our initial model cannot be discussed as deeply as the one of Johnson et al.
In the two libraries cited above, the body shapes have been constructed by deformation of an initial model. In Johnson et al the deformations were guided by anthropometric measurements. In Na et al, scaling of an initial model was applied to obtain the desired height and then adjusted with the MakeHuman software (MakeHuman 2011). In our case, the body shapes were selected in a database and not manually transformed; a final 2D scaling was nevertheless applied to 14 models.
In Johnson et al and Na et al, prior target values were not fixed for the organs and skeleton since they were transformed or scaled with the body shape. In this work, prior target values were fixed for the organs and skeleton and the composition of the remainder tissue was personalized. Even if this approach is a simplification, it is believed to be reasonable and robust and it also offers a systematic framework for fixing target values. The results for the skin mass, the full-body density and the remainder composition have been discussed. These features are indicators of the quality of the achieved models; at least they demonstrate the coherence of the construction method.
Whatever the advantages and drawbacks of our library and other libraries, it is believed that they will successfully enable sensitivity studies of dosimetric quantities with body type. These libraries are not intended to achieve personal dosimetry but intended to reveal trends on global dosimetric estimator like effective dose. Moreover, disposing of several models built independently with different methods should enable us to better assess the dose sensitivity to organ positioning or tissue composition.
Finally, it must be noted that high-level algorithms and methods have been developed to analyse and transform 3D mesh models of the human body, as presented in Allen et al (2003) , Azouz et al (2006) and Hasler et al (2009) . Thanks to such methods it is possible to generate in a few seconds various body shapes (Procrustica 2011). These methods seem extremely promising for further developments of human models dedicated to radiation transport calculations. However, to our knowledge, such methods have never been applied for models including internal organs. Moreover, these methods focus on designing volumes, and attributing reasonable weight to the designed shapes might require additional work.
Illustrative radiation transport calculations
The M1C model (177 cm, 73.1 kg), the M0B (164 cm, 60.2 kg), the M2F (189 cm, 108.8 kg) and the RMCP are used to carry out illustrative dosimetry calculations. The M0B and M2F models have been chosen since they are very close in height and weight to the 5th and 95th percentile individuals modelled in Na et al (2010) , cf figure A1. Simulation results of in vivo measurement are presented for 13 models of the developed library.
External dosimetry. Absorbed organ doses were calculated with the MCNPX Monte
Carlo code (Pelowitz 2005 ) for a 0.5 MeV photon beam in AP irradiation geometry. A successful calculation with the RMCP of the stomach wall absorbed dose per air kerma for several energies enabled us to validate the calculation method. Figure 6 presents the ratio of absorbed doses to organ. Comparison of the M1C and RMCP models show that the agreement is very good for some organs (adrenals, brain, skin, etc) but differences, up to ±20%, are noted for other organs (stomach wall, spleen, urinary bladder wall). These differences are attributed to different organ depths and positions in the M1C and RMCP models. The dose difference for most of organs is about 10% between M0B and M1C, except for a few organs, and it turns out that the doses are slightly smaller for M0B than for M1C. One could expect the contrary if one only thinks in terms of the shielding effect. But, in fact, the organs of M0B are smaller than those of M1C and there is only 12 kg difference between the two models; as a consequence the organs of M0B are slightly deeper than those of M1B, which can explain the results. In contrast, there is a difference of 36 kg between M1C and M2F and doses to organs are typically 20% lower for M2F, except for the skin and the brain which is consistent with the anatomy of the models.
Internal dosimetry. Specific absorbed fractions (SAF)
were calculated for energies between 10 keV and 5 MeV and for some organs of interest, as chosen in Marine et al (2010) . The calculation method has already been validated in prior work (Hadid et al 2010) . Figure 7 shows that for energies above 40 keV, the relative difference in SAF for RMCP and M1C is constant; there is a 20% difference for the SAF (lungs←liver) but it is limited to 10% in the two other cases. For the three examples shown, the dose is higher for M0B than for M1C, and smaller for M2F than for M1C. This trend could be explained since the organs of M0B are on the average closer to each other than in M1C, and those of M1C closer than those of M2F.
As in the case of external dosimetry, no general conclusion can be drawn from particular examples; for this purpose, all models should be used and synthetic dose indicator like effective dose should be studied to reveal general trends.
In vivo counting studies.
The mobile unit of IRSN is used to carry out routine or special in vivo counting measurements. The counting system consists of two broad-energy germanium detectors (crystal thickness: 30 mm, crystal surface: 50 cm 2 ) which were modelled and validated. The detector model provided by the manufacturer was slightly modified, such as in Liye et al (2006) , to obtain good agreement between well-defined experiments and simulation results. The final validation consisted in simulating the calibration curve for the 70 kg St Petersburg phantom (Kovtun et al 2000) . The maximum difference between simulated and experimental counting efficiency was 4.7% at 1332 keV.
Simulated and experimental counting efficiencies are shown on the left side of figure 8 for a 137 Cs homogenous contamination and the same distance between detectors and the skin. In this case, both the RMCP and the M1C models give counting efficiencies in very good agreement with the experiment. Simulated counting efficiencies are shown for 13 voxel models on the right side of figure 8. The simulation took into account the biokinetic distribution of 137 Cs (Leggett et al 2003) and the routine measurement protocol which specifies the distance between the back of the monitored subject and the detectors. For the studied cases, the difference in counting efficiencies can be as high as 30% (M0A versus M2E). This kind of studies enables us to improve measurement protocols or to improve the interpretation of measurements.
Conclusion
A library of 25 full-body adult male 3D models has been constructed in order to extend the body type diversity of currently available models. Such a library is thought to be useful for dosimetry calculations where the body type does not need to be patient specific but where a single average body type is not sufficient.
Three-dimensional body shape models of representative Caucasian individuals have been selected in a commercial database. Volume or mass target values were fixed for the skeleton, soft organs, skin and fat content of the selected individuals. An initial commercial model of soft organs and skeleton has been modified with CAD tools so that organ masses and volumes match those of the RMCP. This model was adapted to the selected body shapes according to fixed target values. After voxelization, inclusion of small volume organs and subsegmentation were performed. The final models include 109 organs (left and right pairs are distinguished).
The obtained organ masses are shown to be in good agreement with the target values deduced from relevant literature data. The skin mass, the composition of the remainder tissue and the whole body density are also shown to be in reasonable agreement with literature data. The advantages and limitations of the methods, modelling strategy and result have been discussed regarding similar works. Even if the anatomical realism was sometimes sacrificed to achieve fixed target values, it is believed that it should not affect dramatically the relevance of calculations carried out with the models.
Illustrative results for radiation transport calculations have been given. No general conclusion can be drawn from particular examples; for this purpose, all models should be used and synthetic dose indicator, like effective dose, should be studied to reveal general trends. Future work will consist in making this library publically available, undertaking systematic calculations and improving the models. Figure E1 . Fat mass (triangles) and muscle mass (squares) in per cent of body weight, as a function of body mass index for all voxel models.
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